Abstract Amorphous silicon (a-Si), nanocrystalline silicon (nc-Si) and hydrogenated nanocrystalline silicon (nc-Si:H) films were fabricated by using chemical vapor deposition (CVD) system. The a-Si and nc-Si thin films were irradiated with 94 MeV Xe-ions at fluences of 1.0 × 10 11 ions/cm 2 , 1.0 × 10 12 ions/cm 2 and 1.0 × 10 13 ions/cm 2 at room temperature (RT). The nc-Si:H films were irradiated with 9 MeV Xe-ions at 1.0 × 10 12 Xe/cm 2 , 1.0 × 10 13 Xe/cm 2 and 1.0×10
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Introduction
As a device converting solar energy into electrical energy directly, solar cell is an extremely promising alternative to traditional energy sources. So far the solar cell market is totally dominated by bulk (crystalline and multicrystalline) silicon cells because of the high conversion efficiency and long duration [1∼3] . However, the bulk silicon solar cells have been restricted from being further developed due to their high cost. Silicon films, which can economize a significant amount of high-pure silicon, have obvious advantage over bulk silicon in application to solar cell. Therefore, solar cells made from silicon films such as amorphous silicon (a-Si) or nanocrystalline silicon (nc-Si) have attracted considerable attention [4∼7] . Optical band gap (E g ) is a very important parameter of silicon films when used for solar cells. Generally speaking, photons with energy equal to the E g will be absorbed by silicon film and produce one electron-hole pair. Photons of higher energy will lost the excess photon energy as heat except for producing the electronhole pair. Photons with energy lower than E g can not excite the electron-hole pair. As a result, it is necessary to study modification of E g of silicon films. M. ACEVEDO [8] has established a model for the purpose of simulation and calculation of graded band-gap materials for solar cells. The results indicate that modulation of E g can effectively increase the absorption coefficient of materials, and in turn the current density and conversion efficiency of solar cell. BRUNS J. et al. [9] have conducted ion implantation experiment of crystalline silicon solar cells with 550 keV He + ions. A two-dimensional defect layer which located at the cell space-charge region was formed by the implanted ions. Their experimental results show that with suitable implantation fluence it is possible to increase the photocurrent without degenerating the value for open circuit voltage, thus resulting in an improved efficiency of the cells. But so far, studies on the comparison of ion irradiation effects in silicon films with different structures are limited. In this paper, irradiation experiments of a-Si, nc-Si and nc-Si:H films were carried out and the irradiation effect of different structures of silicon films was discussed.
Experiment
As one of the most important technology used for silicon film deposition, chemical vapor deposition (CVD) has an array of advantages including: large-area film deposition, high deposition rate and low defect density of the film. Amorphous silicon films were deposited by atmospheric pressure chemical vapor deposition (APCVD) system, and nano-crystalline silicon and hydrogenated nano-crystalline silicon films were deposited by plasma-enhanced chemical vapor deposition (PECVD) system. The deposition parameters of these films were listed in Table 1 . The silane (SiH 4 ) used was diluted in hydrogen (H 2 ) to about 20%. All samples were deposited on corning 7105 glass substrate. The a-Si, nc-Si films and crystalline silicon (c-Si) were irradiated at RT with 94 MeV Xe-ions, delivered by HIRFL (Lanzhou), at 1. Table 2 shows the beam parameters used for silicon films irradiation. The electronic energy loss (S e ), nuclear energy loss (S n ) and range (R p ) are calculated via SRIM simulation [10] . Transmittance spectrum was obtained with an UV/VIS/NIR spectrometer (Lambda 900, PE) to get information about optical band-gap (E g ). The measurement of Si films was carried out in transmission mode whereas the c-Si samples was in absorbance mode, the step is set at 1 nm, and the analytical wave number is in the range of 300∼1500 nm. X-ray diffraction (XRD) data was measured by an X-ray powder diffractometer (X'Pert SW, Philips) using Cu K α radiation (λ = 0.154 nm) at 40 kV and 40 mA. The angle of incident beam was 1
• , range of 2θ was from 20
• to 70
• , and step size was set to 0.03
• with a measuring time of 0.2 s per step.
Results and discussion
As we know, the optical band gap (E g ) of silicon film has a close relation with defect, impurity and structure.
UV/VIS/NIR measurement is an effective method to investigate the effect on E g value due to the change of structure. Fig. 1 gives the typical UV/VIS/NIR transmittance spectra of silicon samples varying with ion irradiation fluence. The band-gap of silicon films could be deduced from the transmittance spectra by using the following Tauc equation [11] :
where α is the absorption coeffcient, hν is the photon energy, E g is the optical band-gap. Fig. 1 shows that compared with the un-irradiated samples, the absorption edge of nc-Si films irradiated blue-shifted until 1.0 × 10 12 ions/cm 2 and then redshifted at higher ion fluence; and the absorption edges of a-Si and nc-Si:H films red-shifted continually with increasing ion fluence, whereas no obvious change was found in the absorption edge of c-Si. The plots of (αhν) 1/2 versus hν of nc-Si:H film were shown in Fig. 2 , and the E g value can be evaluated by extrapolating the linear portion near the onset of absorption edge to the energy axis. Fig. 3 shows the dependence of E g values of a-Si, nc-Si, nc-Si:H and c-Si samples on fluence. It is clear that the E g value of nc-Si film increased from 1.50 eV to 1.81 eV when the ion fluence was increased to 1.0 × 10 12 Xe/cm 2 , then decreased to 1.67 eV at still higher ion fluence. For a-Si and nc-Si:H films, the E g value decreased steadily from 1.78 eV to 1.54 eV and from 1.95 eV to 1.53 eV, respectively. The E g value of c-Si samples remained at 1.12 eV. Mean crystalline size of nc-Si and nc-Si:H films was determined using Scherrer's equation [12] from the full width at half maximum of the XRD peak, while there is no observed XRD peak for a-Si film. The dependence of silicon particle size (D) of nc-Si and ncSi:H films on fluence were shown in Fig. 4 . The D of nc-Si film decreased form 23.8 nm to 11.4 nm with the fluence increasing to 1×10 12 ions/cm 2 , and then increased to 13.9 nm with the fluence increasing to 1×10 13 ions/cm 2 . On the other hand, the D of nc-Si:H film decreased form 6.9 nm to 3.8 nm with increasing fluence. The formation of new phase and new chemical bonds in N-doped diamond films after swift heavy ion irradiations has already been proved [13] . The XRD result of nc-Si film indicates that ion irradiation will at first result in amorphization of nc-Si films, and then recrystallization occurs. The previous studies [14, 15] on the relationship between the E g value and D of nc-Si films show that the E g value decreases with the increases of D. Therefore the E g of nc-Si film first increases and then decreases with increasing ion fluence.
Based on the recrystallization of nc-Si film after 94 MeV Xe ion irradiation from the XRD result, it is inferred that a-Si film was also recrystallizated. The aSi film after irradiation is no longer simple amorphous phase, but rather a mixture of amorphous phase embedded with nano-crystallite. Because the quantity of nano-crystallite is extremely small, it is difficult to be detected by the X-ray diffractometer. The existence of nano-crystallite affects the structure and light absorption of a-Si film. That may be the reason that the E g of a-Si film decreases with increasing ion fluence. SORO Y. M. et al. [16] agreed that the presence of a small fraction of crystalline which can not be detected by Raman spectroscopy would result in the change of absorption coefficient. The relationship between band gap of silicon and grain size was put forward by BUUREN T. VAN et al. [14] . It indicates that the E g decreases form 2.2 eV to 1.5 eV while the D increases from 1 nm to 3 nm. In addition, the E g value of a-Si and nc-Si:H film is basically the same after irradiation with the maximum fluence. Based on the E g value of a-Si and the D of nc-Si:H in our work which are about 1.54 eV and 3.8 nm, respectively, one may infer that the equivalent grain size of a-Si film is about 3 nm.
The high initial E g value of nc-Si:H film is mainly due to the quantum size effect of nano-scale grains [17] , and the hydrogen in the film improved the ordered degree of the microstructure [18] . The effect of ion irradiation on nc-Si:H film can be demonstrated from two aspects: one is that ions broke the grains and reduced the quantum size effect; the other is that the release of hydrogen induced by energy transfer from the kinetic energy of incident ions, which reduced the ordered degree of the microstructure. These may be the reasons for the decrease of E g value of nc-Si:H with increasing fluences. It is worthy of note that as the D decreases the E g of nc-Si:H film decreases, on the contrary, the E g of nc-Si film increases. The reason for the difference may be that the reduction of quantum size effect and the release of hydrogen have greater effect on E g of nc-Si:H film than the decreases of D.
Comparing the changes of D between nc-Si and ncSi:H films, one could figure out that the recrystallization of silicon films occurs only when the electronic energy loss of incident ion is above a threshold value.
Conclusions
According to the experimental results and the analysis mentioned above, the following conclusions can be drawn: with increasing fluence, the grain size of ncSi films began to decrease and then increased while E g value showed the opposite tendency, which was explained by the inference that the nc-Si film had amorphized at first and then recrystallized; Based on the recrystallization of nc-Si after irradiation and the change of E g of a-Si film, it has been inferred that the ion irradiation may also result in the recrystallization of the a-Si film; The decrease of the E g of nc-Si:H film may arise from the reduction of quantum size effect due to decaying grains and the lower ordered degree of the microstructure caused by the release of hydrogen. 
